Abstract Sharks present a critical conservation challenge, but little is known about their spatial distribution and vulnerability, particularly in complex seascapes such as Australia's Great Barrier Reef Marine Park (GBRMP). We review (1) the distribution of shark species among the primary habitats of the GBRMP (coral reefs, inshore/shelf, pelagic and deepwater habitats) (2) the relative exploitation of each species by fisheries, and (3) how current catch rates interact with their vulnerability and trophic index. Excluding rays and chimaeras, we identify a total of 82 shark species in the GBRMP. We find that shark research in the GBRMP has yielded little quantitative information on most species. Reef sharks are largely site-fidelic, but can move large distances and some regularly use non-reef habitats. Inshore and shelf sharks use coastal habitats either exclusively or during specific times in their life cycle (e.g. as nurseries). Virtually nothing is known about the distribution and habitat use of the GBRMP's pelagic and deep-water sharks. At least 46 species (53.5 %) are caught in one or more fisheries, but stock assessments are lacking for most. At least 17 of the sharks caught are considered highly vulnerable to exploitation. We argue that users of shark resources should be responsible for demonstrating that a fishery is sustainable before exploitation is allowed to commence or continue. This fundamental change in management principle will safeguard against stock collapses that have characterised many shark fisheries.
Introduction
Top predators are typically the first to disappear from impacted marine ecosystems Sandin et al. 2008; Graham et al. 2010) . In some habitats, anthropogenic impacts have reduced the abundance of apex predators by 90 % or more, and some species are now considered to be functionally extinct Ferretti et al. 2008; Estes et al. 2011) . Their high commercial value combined with their K-selected life-history (slow growth, late maturity, low fecundity) reduces productivity of apex predators and inhibits recovery of exploited populations (Pauly et al. 1998; Stevens et al. 2000a; Collette et al. 2011) . Sharks are one of the groups that occupy the top trophic level of marine food chains, and shark populations worldwide are under increasing pressure from fisheries (Stevens et al. 2000a; Friedlander and DeMartini 2002; Pauly and Palomares 2005; Heithaus et al. 2008) . The reported worldwide shark catch is between 700,000 and 850,000 tonnes per year, with an estimated annual increase in landings of 2 %; this excludes the illegal and unreported shark catch driven by the high demand for shark fins in Asian markets (Rabehagasoa et al. 2012) . These high exploitation rates highlight the need for greater knowledge and better management of sharks across the globe (Herndon et al. 2010; White et al. 2012) , both of which are hampered by the lack of life history information for most species .
Gathering biological and ecological information is a crucial first step to understanding the importance and vulnerability of species and species groups within the ecosystems they occupy. Life history traits that indicate productivity should be known before a species is deemed sustainably exploitable (Dulvy and Forrest 2010) . Unfortunately, most species have already suffered some degree of fishing pressure, which can alter some life history parameters such as maximum size, reproductive age and lifespan, therefore distorting estimates of productivity (Forrest and Walters 2010; Field et al. 2012) . Furthermore, the collection of these data is rarely fishery-independent, and samples are therefore subject to the inherent size, sex and species selectivity of the fishing gear (Harry et al. 2011b ). Even more difficult is the study of distribution and abundance; such data are also almost always only available through fishery catches (DEEDI 2011a) . Where fishery-independent research has examined the role of predation in marine ecosystems, results are seldom spatially uniform. Our understanding of the ecological role of marine top predators in general, and sharks in particular, is confounded by differences between methods and gears, and tends to be focused on relative changes in catch rates (Ferretti et al. 2010) .
The removal of apex predators may result in trophic cascades, whereby changes occur throughout the food web, sometimes down to primary producers (Pinnegar et al. 2000; Myers et al. 2007; Baum and Worm 2009; Estes et al. 2011) . Evidence of predator release following shark exploitation has been shown in North Carolina (USA.), South Africa, Queensland (Australia) and Western Australia (Myers et al. 2007; Heithaus et al. 2008; Ferretti et al. 2010) . However, such effects have yet to be measured more broadly, as very little information exists for non-commercial species or for complex habitats such as coral reefs (Field et al. 2009) . The understanding of the ecological role of sharks is hampered by the ''shifting baseline'' syndrome (Jackson and Jacquet 2011), whereby research began in a system that had already been exploited by humans, sometimes for hundreds of years (Ward-Paige et al. 2012) . If our investigations are taking place in a re-stabilised system where trophic cascades have already occurred, then even our best ''unfished'' control areas are not representative of baseline or pristine conditions.
The Great Barrier Reef (GBR), which extends for 2,300 km along the northeastern coast of Australia, is the largest and one of the most intensely managed coral reef systems in the world (McCook et al. 2010 ). The GBR Marine Park (GBRMP), which is also listed as a World Heritage Area, encompasses not only coral reefs, but includes a diversity of inter-connected nonreef habitats such as mangrove estuaries, sandy bays, seagrass beds, rocky shoals, soft-sediment habitats, continental shelf and slope, and deep oceanic waters (up to *3,000 m deep). The elasmobranch fauna of the GBRMP is equally diverse: 134 species from 41 families have been recorded, which includes large predatory sharks, smaller benthic carnivores, plankton feeders and rays (Last and Stevens 2009; Last and White 2011) . The GBR has been identified as one of the world's hotspots of shark species richness, endemicity and functional diversity (Lucifora et al. 2011) . Despite the intensity of local management (McCook et al. 2010) , and targeted research on fisheries effects (e.g. Harry et al. 2011b ) and commercially important species (e.g. Knip et al. 2012c; Morgan et al. 2012) , relatively little is known about the GBRMP's shark community. For most species, their ecological parameters, life-history traits and population status in the GBRMP are yet to be determined (Last and Stevens 2009; Tobin et al. 2010) . The populations of a few species have already shown dramatic declines (e.g. tiger shark Galeocerdo cuvier, grey reef shark Carcharhinus amblyrhynchos; Robbins et al. 2006; Ferretti et al. 2010; Hisano et al. 2011) . Due to the lack of stock assessments and population size estimates for most species, population declines are unlikely to be detected, and the risk of unsustainable exploitation is likely to be high. The management of the GBRMP provides a potential vehicle to target certain species for conservation, or curtail fisheries activities to achieve sustainability, but this needs to be underpinned by ecological information. Here we approach this question by considering shark distributions relative to habitat types and vulnerability of sharks based on their known life history parameters, and seek answers to the following questions:
1. How are the GBRMP's shark species distributed between its primary habitat types? 2. Which species are exploited in the GBRMP, and by which fisheries? 3. How does the intrinsic vulnerability of these species relate to their catch rates by the different fisheries and their potential ecological importance in the system?
Literature and data review: methods
The species list of sharks known to exist within the GBRMP was obtained from Chin and Kyne (2007) and Last and Stevens (2009) . All searches for data and literature were based on this species list, with the exclusion of the rays (superorder Batoidea) and chimaeras, resulting in 82 species of sharks (Table 1) . Peer-reviewed literature and grey literature were reviewed to seek information on the distribution, abundance, vulnerability and ecological role of sharks within the GBRMP. When such literature or data were unavailable for the GBRMP, we drew on literature on the same species within similar habitats of other regions. Information on the distribution, abundance, vulnerability and ecological role of each species was organised into sections pertaining to three primary habitat categories: (1) coral reefs (2) inshore and GBR shelf (3) deep slope and pelagic (outside the GBR shelf edge, but still within the GBRMP boundary), and the depth range was added for each species (from Last and Stevens 2009) . Data on the proportional catch of each species were obtained from the Queensland Shark Control Program (QSCP), the East Coast Inshore Fin Fish Fishery (ECIFF), the Coral Reef Fin Fish Fishery (CRFF) and the Eastern Tuna and Billfish Fishery (ETBF), either directly or from the literature (e.g. Evans 2007; Heupel et al. 2009) . QSCP data from beaches south of the GBRMP were not used for this review. Although these are the best available data, there is almost certainly selective bias in catch data with regard to size, species and sex. Further, the QSCP catch is probably biased toward large species and individuals, even though sharks \2 m in length still comprise approximately half of the catch (Sumpton et al. 2011) .
Shark research in the GBRMP
A comprehensive literature search of the 82 shark species identified for the GBRMP yielded 116 documents, including 93 papers from peer-reviewed journals and 23 reports from the 'grey' literature, dating back to 1951. Species recorded most often were C. amblyrhynchos, the blacktip reef shark Carcharhinus melanopterus and the scalloped hammerhead Sphyrna lewini (appearing in 29, 26 and 26 documents respectively, Fig. 1 ). Of the 82 species, 30 appeared in 1-10 documents, and no literature of any kind from within the GBRMP was available for 28 species. Most studies were of a descriptive nature (60 % of studies), detailing neurological, physiological, behavioural, phylogenetic and life history characteristics. Approximately 40 % of documents yielded some information on the abundance, distribution and ecology of sharks in the GBRMP. Only 19 (16.2 %) documents provided specific data and information relating to the distribution and abundance of sharks in the GBRMP.
Distribution of shark species between primary habitat types

Coral reefs
Coral reefs comprise only 5-6 % of the GBRMP (Pitcher et al. 2009 ), but tend to attract the greatest attention because of their disproportionate biodiversity and relative ease of access to researchers. Currently, 14 species of GBRMP sharks are considered coral reef specialists (Chin et al. 2012) . Of these, eight are site-attached mesopredators that feed mostly Table 1 Shark species (82) of the GBRMP, with mean trophic index (MTI) from Froese and Pauly (2012) and maximum total length (TL), from Last and Stevens (2009) on worms and crustaceans, and include Orectolobidae, Hemiscylliidae (Heupel and Bennett 1998) , tawny nurse shark Nebrius ferrugineus and zebra shark Stegostoma fasciatum. These less mobile species may display specific habitat preferences, such as an attraction to areas of high structural complexity (Carraro and Gladstone 2006) . More mobile coral reefs shark species include C. amblyrhynchos, C. melanopterus, lemon shark Negaprion acutidens and whitetip reef shark Triaenodon obesus. The silvertip shark Carcharhinus albimarginatus is also frequently associated with reefs (Fig. 2) . The grey nurse shark Carcharias taurus, which may occur at the southern end of the GBRMP, feeds primarily on fast-moving piscivorous fish and other elasmobranchs (Ferrara et al. 2011; Froese and Pauly 2012) . Many of these species are shallow-water specialists (e.g. C. melanopterus, T. obesus), but some have been found below 100 m (C. amblyrhynchos at *280 m, C. albimarginatus at *800 m). In Palau, C. amblyrhynchos undertakes vertical movements associated with daily, lunar and seasonal cycles in temperature and ambient light (Vianna et al. 2013 ). Wider-ranging species known to visit coral reefs of the GBRMP include G. cuvier, S. lewini, bull shark Carcharhinus leucas, great hammerhead Sphyrna mokarran, and pigeye shark Carcharhinus amboinensis. Most studies on the role of coral reef predators consider only the two most commonly found species (given their abundance, conspicuousness and presence in fisheries catches), C. amblyrhynchos and T. obesus. This means that knowledge of the predation ''footprint'' of reef-associated sharks is generally restricted to the effects of generalist top predators.
Resident coral reef sharks are more abundant, and therefore potentially more important trophically at a local scale, than rarer and more transient larger predators (Gaston and Fuller 2008) . However, transient predators may have a greater regulating role overall through predation on resident sharks-for instance, both C. albimarginatus and S. mokarran are known to prey on C. amblyrhynchos (Randall 1977; Mourier et al. 2012) . Resident sharks are likely to affect the density and behaviour of smaller predators (including teleosts such as groupers), which in turn influence recruitment, abundance and behaviour of smaller fish at lower trophic levels (e.g. Stallings 2008) . Therefore, the removal of a resident shark by a transient apex predator may result in top-down effects on prey communities. (2012) The bronze whaler shark, Carcharhinus brachyurus, is sometimes considered to occur in the GBR Region, but see Last and Stevens (2009) * The east coast population, which overlaps with the GBR, is Critically Endangered. The west coast population is considered Vulnerable
In the GBRMP, sharks associated with coral reefs may frequently also be found in other habitats, such as coastal waters and inshore nursery areas (Chin et al. 2012) . Acoustic telemetry has recently revealed complex movement dynamics and the use of various habitats by reef-associated species such as C. melanopterus (Fig. 2 , Chin et al. 2012) , and tagging and genetic studies have found that C. amblyrhynchos is capable of long-range ([100 km) movement between the Coral Sea and the GBRMP ). There may be greater connectivity between distant reefs, and between reef and non-reef habitats, than previously thought, but the frequency of large-scale movements ([100 km) is unknown (Whitney et al. 2012 ).
Coastal, inshore and inter-reef shelf habitats Non-reef habitats of the GBR tend to be generally summarised as ''GBR lagoon'', and include a wide range of inshore and offshore habitats with softsediment substrates, from mangrove estuaries to deep areas towards the edge of the continental shelf (Pitcher et al. 2009 ). The majority of the GBRMP's sharks are associated with this habitat; thirty-four species have at least a partial association with coastal or shelf habitats. Of these, nine can be considered inshore specialists (Table 1) . Shark species commonly found in GBR lagoon habitats include outer-shelf deepwater sharks such as sawtail sharks, spurdogs and gummy sharks, and small carcharhinids such as the Australian sharpnose shark Rhizoprionodon taylori and the sliteye shark Loxodon macrorhinus (Fig. 2) . Most small coastal shark species are relatively sedentary, with home ranges of 100 km 2 or less ). Larger, more mobile predators that are likely to be most abundant in coastal, inshore and inter-reefal habitats are Australian blacktip shark Carcharhinus tilstoni, common blacktip shark Carcharhinus limbatus, graceful shark Carcharhinus amblyrhynchoides, spinner shark Carcharhinus brevipinna, spot-tail shark Carcharhinus sorrah and C. melanopterus (Figs. 3, 4) . Sphyrna lewini and C. leucas are the largest sharks commonly present in nearshore coastal Fig. 1 Total number of studies pertaining to each species of shark in the Great Barrier Reef Marine Park. Studies were sourced from both the peer-reviewed and the 'grey' literature. For full generic names see Table 1 habitats (Chin and Kyne 2007) , although research in northern Australian waters suggest that adult S. lewini females may be preferentially found offshore (Stevens and Lyle 1989) , and can dive to 964 m during diel vertical movements in the Gulf of Mexico (Hoffmayer et al. 2013) . Both species are apex predators with broad diets that include teleosts, elasmobranchs, benthic crustaceans and, for C. leucas, the occasional terrestrial mammal (Last and Stevens 2009) .
Carcharhinus leucas has been known to venture far upstream in estuarine environments (but has been recorded on reefs and reef bases, and as deep as 150 m, Last and Stevens 2009) . Estuaries are used by juveniles of this species (Heupel and Simpfendorfer 2008) , whilst adults use coastal habitats, thereby effectively linking estuarine and coastal food webs (Matich et al. 2011 ). Galeocerdo cuvier is widely distributed across inshore and inter-reef habitats Table 1 ) are shown at their maximum depth in their primary habitats. For species that also use other habitats or depths during their life cycle, their occurrence in a secondary habitat (e.g. in a nursery area) is shown with their abbreviation in brackets. Shark sizes and distances across the shelf are not to scale. Superscripts symbolise additional species found in the same habitat/ depth range, and are: (1) Gg (2) Ebl (3) Ama (4) Cso, Lm, Rta, Smo (5) Cao, Cma, Cti, Hga (6) Hoc, Htr, Owa, Stf (7) Eda (8) Ctu, Oma (9) Oor (10) Hep, Pde, Apa, Fis, Sqa, Sqg, Sqn, Hab, Muw (11) Hen, Ggr, Sqe, Sqo, Iag (12) Edi, Edl (13) Alo (14) Ec, Aau, Apl (15) Pka (Cappo et al. 2007; Sumpton et al. 2011) . In Shark Bay, Western Australia, G. cuvier has a major role in regulating the behaviour and survivorship of turtles, cetaceans and dugongs Wirsing et al. 2007; Heithaus et al. 2008) . Galeocerdo cuvier may have a similar role in inshore and inter-reef areas of the GBRMP, especially shallow embayments that host large populations of marine mammals and turtles; however, these effects have yet to be demonstrated on Australia's tropical east coast. On the northern GBR at Raine Island, the highest-density green turtle Chelonia mydas rookey in the world attracts G. cuvier throughout the year. Recent tracking research suggests that G. cuvier feeds on diverse prey throughout the year and targets C. mydas during the nesting season, and may have a significant impact on the C. mydas nesting population (Fitzpatrick et al. 2012) .
Some inshore areas along the GBR coast have been identified as providing a successful refuge for a number of coexisting species, with favourable conditions such as sufficient resources coupled with a degree of protection from fishing (Knip et al. 2012b ). This is especially true of species that exhibit reproductive philopatry, returning to specific areas to mate or give birth, such as C. leucas in northern Australian estuaries (Tillett et al. 2012a, b) . When multiple species use the same area, habitat partitioning can occur even within single embayments (Yates et al. 2012) . Spatial segregation according to sex and age is common . Younger sharks are usually found preferentially in shallower, turbid waters, whilst adults tend to inhabit slightly deeper waters (Tillett et al. 2011; Knip et al. 2011 ). Habitat partitioning is probably driven by a combination of factors, including prey abundance, competition, predator avoidance and habitat preference Yates et al. 2012) . Depth partitioning among coastal and shelf shark species remains to be explored, but is likely to be significant, as some species are found exclusively in shallow water (e.g. C. brevipinna, 0-75 m; C. amblyrhynchoides, 0-50 m) or deeper shelf waters (e.g. pencil shark Hypogaleus hyugaensis, 40-230 m), while others have a wider depth range (e.g. dusky shark Carcharhinus obscurus, 0-400 m). Among sharks with a broad depth range, some species are found preferentially at the deeper or shallower end of the range; for instance, C. tilstoni, C. sorrah, C. amblyrhynchoides and the milk shark Rhizoprionodon acutus tend to be most common near the surface, while the hardnose shark Carcharhinus macloti is often caught in deeper areas (Fig. 2, Stevens 1999) .
Site fidelity in non-reef sharks is not well understood, but has been demonstrated for a number of species, both in the GBRMP and elsewhere Knip et al. 2012d ). However, even small and relatively site-attached species can include individual members that roam more widely (Stevens et al. 2000a, b) , thereby increasing gene flow between populations The species list starts at 0°a nd proceeds clockwise. C.: Carcharhinus, S.: Sphyrna, R.: Rhizoprionodon, G.: Galeocerdo Knip et al. 2012d) . Conversely, even wide-ranging species return regularly to an area where the probability of encountering prey is high . Whilst a range of environmental and other factors may drive patterns of movement and site fidelity (Heupel et al. 2003; Heupel and Simpfendorfer 2008) , prey availability is likely to be one of the key drivers of shark movement and distribution (Knip et al. 2010) . Prey abundance may be more important than prey type, given that dietary specialisation is uncommon in sharks (Wetherbee and Cortes 2004) . However, in some species dietary preferences may exist as a measure to avoid competition; in northern Australian waters, despite a general dominance of fish in shark stomach contents, cephalopods formed an important component of the diets of S. lewini, the sandbar shark Carcharhinus plumbeus and the fossil shark Hemipristis elongata. Similarly, S. mokarran, L. macrorhinus, C. amboinensis, R. taylori, the whitecheek shark Carcharhinus dussumieri and the winghead shark Eusphyra blochii had a high ([20 %) proportion of crustaceans in their diets (Stevens and Lyle 1989; Stevens and McLoughlin 1991) . In Moreton Bay (Australia), the diet of Australian weasel shark Hemigaleus australiensis consisted of 96 % of benthic octopus (Taylor and Bennett 2008) . Prey abundance may not be a driver for movement patterns in all species, however; no correlation between prey abundance and movement was found for the ornate wobbegong Orectolobus ornatus in New South Wales (Carraro and Gladstone 2006) and juvenile C. leucas in Florida (Heithaus et al. 2009 ).
Many sharks use inshore areas as nursery grounds or for feeding, mating or pupping (Knip et al. 2010; Tillett et al. 2011) , and some species are likely to use all habitats (inshore, inter-reef, pelagic and reef) at some stage during their life cycle, thereby creating large-scale trophic connections (Chin 2005) . For instance, C. amboinensis, C. limbatus and C. plumbeus use inshore areas as juveniles, moving to offshore inter-reef habitats as adults, whilst C. sorrah and R. acutus are inshore specialists during their entire life cycle (Castro 1996; Knip et al. 2010 Knip et al. , 2012a . Typically, large, slow-growing species derive greater benefit from predator avoidance when young and therefore tend to use shallow nursery areas to a greater degree than smaller, fast-growing species (Yates et al. 2012) . Localised species composition is correlated with substratum type; generally, predators appear drawn to areas of greater habitat complexity where prey diversity is greater (Stowar et al. 2008) . Species composition may change seasonally (Simpfendorfer and Milward 1993) , or in response to changes in the physical characteristics of the habitat (Matich and Heithaus 2012) . In the GBRMP, only Cleveland Bay near Townsville (Australia) has been identified as a shark nursery area used by multiple species (Simpfendorfer and Milward 1993), but similar embayments along the coast may serve the same purpose.
Ontogenetic shifts in habitat use are poorly understood, and can vary regionally; S. lewini tends to remain in inshore areas of the GBRMP (Harry et al. 2011a ), but not in South Africa (De Bruyn et al. 2005) (Hazin et al. 2001) . Similarly, maturing C. melanopterus travelled from coastal nursery grounds to offshore reefs over distances of up to 81 km in the GBRMP ), but were found to be much more sedentary at Aldabra (Stevens 1984) and Palmyra Atolls (Papastamatiou et al. 2009) . As with reef sharks, some latitudinal patterns are known to exist; H. hyugaensis and C. plumbeus are not found in the northern quarter of the GBRMP, H. elongata is only recorded from the northernmost section and E. blochii from the northern third; the bignose shark Carcharhinus altimus may only occur in the southern reaches of the GBRMP, whilst C. tilstoni may be absent from the southern GBRMP (Last and Stevens 2009) . A broad-scale study of the GBRMP with Baited Remote Underwater Video (BRUV) found that C. tilstoni and C. limbatus were most common in shallow, mid-shelf, inter-reef habitats of the far northern section of the GBRMP; C. albimarginatus was prevalent in deep offshore habitats; N. ferrugineus was typically found in shallow outer-shelf areas, and G. cuvier was broadly distributed across all the above mentioned habitats but considered indicative of offshore assemblages (Cappo et al. 2007) . Inshore specialists are the group most vulnerable to coastal human impacts Yates et al. 2012) . Reef sharks that routinely use inshore non-reef habitats may also be periodically at risk from interactions with humans; fishery data show that at least C. melanopterus, N. acutidens, S. fasciatum, and the brownbanded bamboo shark Chiloscyllium punctatum are sometimes caught in non-reef habitats, and that the catch of C. melanopterus is dominated by juvenile individuals (Chin et al. 2012 ).
Pelagic and bathyal habitats
Pelagic and bathyal or deep water ([200 m) habitats of the GBRMP are relatively oligotrophic and lack permanent upwelling features, although seasonal aggregations of organisms form in pelagic outer-shelf and offshore areas (Flynn and Paxton 2012) . For instance, black marlin Makaira indica aggregate seasonally to spawn on the outer GBRMP near the city of Cairns (Speare 2003; Domeier and Speare 2012) . Ten species of pelagic sharks were identified for the GBRMP (Table 1) . The most common pelagic sharks include blue shark Prionace glauca, shortfin mako Isurus oxyrinchus, silky shark Carcharhinus falciformis and oceanic whitetip shark Carcharhinus longimanus (Fig. 2) . Some pelagic species, such as I. oxyrinchus and P. glauca, undertake deep foraging dives (to 650 and 1,000 m, respectively), and the cookie-cutter shark Isistius brasiliensis and smalleye pygmy shark Squaliolus aliae are known for their vertical migrations of over 1,000 m (Last and Stevens 2009) , thereby creating trophic links between surface waters and deeper ocean layers (Abascal et al. 2011; Bromhead et al. 2012) . Depth partitioning among pelagic sharks seems rare, with most ranging between the surface and[500 m, with the exception of S. aliae, which ranges between 150 and 2,000 m. Many species that are pelagic and migratory as adults use coastal waters as juveniles (Herndon et al. 2010) , and philopatry has recently been inferred for C. longimanus in the Bahamas (Howey-Jordan et al. 2013) .
Twenty-eight species of bathyal sharks were identified in the GBRMP (Table 1) , but distribution and abundance information is scarce for these species. An analysis of shark distribution with depth has shown that sharks are a conspicuous component of deep-sea communities down to around 2,000 m, but that few sharks can be found below 3,000 m, ostensibly due to their high energy requirements (Priede et al. 2006 ). The deepest parts of the GBRMP measure approximately 3,000 m, indicating that sharks are likely to be present through the entire depth range of the GBRMP (Priede et al. 2006 ). There are likely to be both depth and latitudinal gradients in the distribution of the GBRMP's deepwater sharks. For instance, the bluntnose sixgill shark Hexanchus griseus can be found close to the surface (Fig. 2) , while the shallowest recorded depths for the false catshark Pseudotriakis microdon, the Endeavour dogfish Centrophorus moluccensis and the black shark Dalatias licha are 100, 300 and 450 m, respectively. Latitudinally, the sharpnose sevengill shark Heptranchias perlo, the piked spurdog Squalus megalops, the Philippine spurdog Squalus montalbani, C. moluccensis, the blackbelly lanternshark Etmopterus lucifer, the Pinocchio catshark Apristurus australis, the bigfin catshark Apristurus platyrhynchus, the saddled swellshark Cephaloscyllium variegatum and the bigeye sixgill shark Hexanchus nakamurai are not known from the northernmost quarter of the GBRMP, and D. licha is known only from the southern end of the GBRMP (Last and Stevens 2009) . Some species were recorded in limited collections, such P. microdon, the prickly shark Echinorhinus cookei, the Taiwan gulper shark Centrophorus niaukang, the short-tail lanternshark Etmopterus brachyurus, the pink lanternshark Etmopterus dianthus, the lined lanternshark Etmopterus dislineatus, the smoothbelly catshark Apristurus longicephalus, the darksnout houndshark Hemitriakis abdita, the longnose houndshark Iago garricki, and the bartail spurdog Squalus notocaudatus (Last and Stevens 2009) , which can lead to the assumption of rarity and limited range for these species that may simply be under-sampled.
Deep-water sharks are widely known to be highly vulnerable to exploitation, especially to deepwater trawl fisheries, as the conditions inherent in their environment reduce growth rates and reproductive output (Kyne and Simpfendorfer 2010) . No data exist on patterns of habitat use for bathyal sharks in the GBRMP, although research conducted elsewhere suggests that ontogenetic movements occur in H. griseus (Andrews et al. 2010) . These lesser-known sharks contribute considerably to the overall biodiversity of a region, and aid the understanding of broad patterns of biogeography (Kyne et al. 2011; Last and White 2011) . However, distribution studies of deepwater sharks are generally hampered by low and inconsistent catch rates (Dunn et al. 2010) .
Conservation status
Of the 82 species of sharks considered in this review, 46 (56.1 %) are listed under State, Federal and (or) international legislation as requiring some form of protection (Table 1 ). The International Union for the Conservation of Nature (IUCN) categorizes 17 (36.9 %) of the 46 listed species as globally 'threatened' (Vulnerable or Endangered), while the remaining 25 (54.3 %) are considered 'near threatened'. Global population sizes of 24 (57.1 %) of the threatened and near threatened species are decreasing; population sizes of the remaining 26 species are currently 'unknown'. Of the remaining 36 species listed in other categories, 16 are data deficient and 18 are listed as 'least concern'. Of the data deficient species, the population trend of one species is listed as declining. Of the 36 data deficient and least concern species combined, the population trends of 28 species are unknown. Only five species are considered to be of least concern with stable populations (C. tilstoni, creek whaler Carcharhinus fitzroyensis, epaulette shark Hemiscyllium ocellatum, northern wobbegong Orectolobus wardi and grey gummy shark Mustelus ravidus), but the inclusion of C. tilstoni is questionable (see Tobin et al. 2010) , especially given the difficulty of distinguishing it from C. limbatus, C. amblyrhynchoides and even C. sorrah (Stevens and Wiley 1986) . The most highly threatened species that have been recorded in the GBRMP include the speartooth shark Glyphis glyphis and C. taurus. Glyphis glyphis is extremely rare on the Queensland east coast, and only Princess Charlotte Bay (a large embayment in the far north of the GBRMP coast) has been identified as an important habitat for remnant populations of this species (DEEDI 2011c). Among the vulnerable species, those that have attracted the most attention globally have been the white shark Carcharodon carcharias and the whale shark Rhincodon typus.
Even for large species of high conservation significance, basic ecological parameters such as abundance, population structure and genetic diversity are only just beginning to be quantified (Bansemer and Bennett 2011; Blower et al. 2012) . The eastern Australian population of C. taurus is listed as critically endangered, which has prompted studies of life history, migration dynamics and genetic structure (Bansemer and Bennett 2011) . How far north they occur in the GBRMP is unclear; intensive studies have been limited to the northern New South Wales coast, well south of the GBRMP (e.g. Otway et al. 2004; Bansemer and Bennett 2009; Otway and Ellis 2011) . They are known to migrate north seasonally from their known subtropical range, but whether this occurs in winter or summer is still under discussion (Bansemer and Bennett 2011) . Their trophic role and influence on prey communities has yet to be studied in any detail. Knowledge of C. carcharias and R. typus in the GBRMP is even more limited. Carcharodon carcharias appears in QSCP records as far north as Cairns, but extremely rarely. Tagging studies also suggest movements towards the GBRMP from southern Australia (Bruce et al. 2006 ). Evidence of R. typus in the GBRMP is limited to anecdotal observations. Endemism varies among the suite of shark species found in the GBRMP, and is likely to influence their vulnerability. Some species have global (e.g. I. brasiliensis, Isurus spp.) or circumtropical (e.g. the crocodile shark Pseudocarcharias kamorahai, R. typus) distributions, which may make them more resilient to over-exploitation. Australian and/or GBRMP waters may offer these species a level of protection not afforded by other nations (Rowat and Brooks 2012) . Other species have more restricted distributions, occurring only in the Pacific (e.g. E. cookei) or the Indo-Pacific (e.g. nervous shark Carcharhinus cautus, C. niaukang, C. punctatum, E. brachyurus, tasselled wobbegong Eucrossorhinus dasypogon, S. aliae, S. montalbani); 46 % of Australia's tropical chondrichthyans are considered regional endemics (Last and White 2011) . At least 16 of the GBRMP's shark species are endemic to Australian waters (A. australis, pale spotted catshark Asymbolus pallidus, eastern banded catshark Atelomycterus marnkalha, Colclough's shark Brachaelurus colcloughi, C. fitzroyensis, C. tilstoni, C. variegatum, narrowbar swellshark Cephaloscyllium zebrum, E. dislineatus, northern sawtail shark Figaro striatus, H. australiensis, eastern spotted gummy shark Mustelus walkeri, R. taylori, eastern highfin spurdog Squalus albifrons, eastern longnose spurdog Squalus grahami, S. notocaudatus). Some of these species may extend into the waters of Papua New Guinea or other adjacent Exclusive Economic Zones, but their restricted distribution is nevertheless likely to increase their vulnerability.
Exploitation and fisheries management
The East Coast Inshore Fin Fish Fishery
The ECIFF, which is the main fishery for sharks in the GBRMP, catches over 20 species of sharks (DEEDI 2011d). The rapid increase in shark catches by the ECIFF in the last decade prompted a review of management strategies in 2008 /2009 (DEEDI 2011d ). The ECIFF is currently moving towards speciesspecific management goals and collecting data to support stock assessments of the most commonly caught and most vulnerable shark species . Other measures implemented to improve the sustainability of the shark catch are the limited allocation of shark licenses, a total allowable catch of 600t, a maximum size limit of 150 cm TL, restricted take or protection of high-risk species, and improved reporting mechanisms (DEEDI 2011e). However, these management instruments tend to be based on precautionary principles rather than derived demographic parameters. Therefore, the conservation status and sustainability of sharks in the ECIFF remains uncertain and cause for concern.
Additionally, there is not yet a proposed solution for assessing the risks of cumulative impacts to species caught by more than one fishery (Halliday et al. 2001; Chin et al. 2012) . Other issues still to be addressed are identification errors in catch and bycatch reporting (Tillett et al. 2012a, b) , and the hybridisation of C. limbatus and C. tilstoni (Morgan et al. 2012) , and perhaps also the closely related C. amblyrhynchoides (Ovenden et al. 2010 ) and C. sorrah (Stevens and Wiley 1986 ). Hybridisation could be problematic for fisheries sustainability if hybrids have reduced fitness and are common, in which case population productivity is lower than predicted and harvesting at current levels could result in overfishing (Morgan et al. 2012) . A recent genetic study revealed 57 hybrid black tip sharks of 126 individuals sampled along 2,000 km of coastline (Morgan et al. 2012) . The spatial distribution of these two species is also likely to lead to different vulnerability to explotation; Carcharhinus tilstoni is only found in northern and eastern Australian waters, whilst C. limbatus has a global distribution in tropical and warm temperate waters (Last and Stevens 2009; Boomer et al. 2010 ). Due to its potential effects on fishery yields, hybridisation also needs to be investigated in other closely related species with overlapping distributions, including C. melanopterus and C. cautus, C. plumbeus and C. altimus, and C. amblyrhynchos and C. albimarginatus (Morgan et al. 2012) .
Commercial shark catches and fishing effort are concentrated in inshore areas close to major towns, especially off Maryborough, Bundaberg, Gladstone, Rockhampton, Bowen, Townsville and Cairns (Fig. 5 , DEEDI 2011a). It is not possible to accurately ascertain species composition of captured sharks because most catch records are pooled at various levels (i.e. they are not species-specific) (DEEDI 2011e). Nonetheless, it appears that the most commonly caught species in commercial net and line fisheries operating on the GBR shelf are C. tilstoni, C. limbatus and C. amblyrhynchoides (aggregate weight *171 tonnes, about 30 % of the catch), followed by Sphyrna spp. (aggregate weight *47 tonnes, 11 % of the catch) and C. brevipinna (*38 tonnes, *10 %) (DEEDI 2011a, e) . Carcharhinus sorrah is also frequently harvested (*5-9 % of the catch), and is considered one of the most productive sharks caught by the fishery . In some species, such as C. leucas, high proportions of juveniles are caught by the fishery (Ley et al. 2002) . Although the ECIFF generally avoids reef habitats, small numbers (*2 % of the catch) of reef sharks are caught in this fishery, including C. melanopterus, N. acutidens, S. fasciatum, C. amblyrhynchos, C. punctatum, and T. obesus (Chin et al. 2012) . A range of other shark species are captured, but not necessarily retained, by the ECIFF, including wobbegongs, catsharks, B. colcloughi, sawfish, N. ferrugineus and S. fasciatum (DEEDI 2011a).
The Queensland Shark Control Program
The QSCP, consisting of baited drumlines and gill nets at popular swimming beaches, was initiated in the 1960s (Sumpton et al. 2011) . Initially, the catch of large sharks ([2 m TL) was [2,000 individuals per year, but this declined by 85 % during the ensuing 45 years. In response, the proportional composition of small carcharhinid sharks initially increased, but these smaller sharks subsequently declined as well (Ferretti et al. 2010 ). In 1992, there was a change in gear type sharks. Excludes catches from grid cells where \ 5 boats were operating, due to data confidentiality agreements off GBRMP beaches (north of the Capricorn Coast) from nets, which preferentially caught smaller sharks, to drumlines, which favoured larger species (Sumpton et al. 2011) . However, the timing of this change does not match the time series data we present, and as such does not explain the continuing decline in large sharks and the increase and subsequent decline in smaller species. Between 1997 and 2011, G. cuvier was the most abundant species caught by the QSCP, followed by C. leucas (Fig. 4) . Other frequently caught sharks were 'blacktip' sharks (assumed to be a combination of C. tilstoni and C. limbatus), C. altimus, other whaler sharks (family Carcharhinidae) and S. lewini. A few oceanic species (e.g. C. falciformis and I. oxyrinchus) were also caught, suggesting that these species occasionally venture into inshore waters. Total shark catch (including predatory and other sharks) has declined steadily over the last 14 years (Fig. 6 ), in accordance with findings from previous decades (Ferretti et al. 2010) , although the catch of some species (e.g. C. leucas) has remained stable in recent years. Catch rates of all other recorded species have declined. Some, such as S. mokarran, C. obscurus and C. amboinensis, were always caught in very low numbers, and all but disappeared from the records in [2003] [2004] . Others, such as the blacktip sharks (C. limbatus and C. tilstoni), C. brevipinna and S. lewini, declined rapidly in 2008-2009, also for unknown reasons. There may be a high degree of overlap between the species caught by the QSCP and the ECIFF, but the interacting effects of these two sources of shark mortality in the GBRMP's coastal habitats are unknown.
The Coral Reef Fin Fish Fishery
The CRFF, which is wholly a line fishery, has a high level of reef shark bycatch, particularly of C. amblyrhynchos, T. obesus and C. melanopterus (Hisano et al. 2011) . As a result, there are far fewer sharks on reefs open to fishing compared with closed reefs (Heupel et al. 2009 ). Experimental fishing surveys found no change in shark catch-per-unit-effort (CPUE) during the period 1989-2006, but underwater visual census found that population sizes of C. amblyrhynchos and T. obesus were declining by 17 and 7 % per year, respectively (Robbins et al. 2006; Hisano et al. 2011 ). Higher estimates of CPUE and density (as estimated by underwater visual survey) in no-take zones indicated that these areas are effective at protecting a portion of the reef shark population from exploitation (Robbins et al. 2006; Ayling and Choat 2008; Heupel et al. 2009) . Reef sharks are known to be vulnerable to overfishing, with declines reported from various reefs in the Pacific (Sandin et al. 2008; Chin et al. 2011) , the Caribbean (Ward-Paige et al. 2010) and Indian Oceans (Graham et al. 2010) . Line fishing can also lead to cryptic mortality and sub-lethal effects such as injury, infection, stress, and impaired feeding (Lynch et al. 2010 ). This has been well-documented for C. taurus (Bansemer and Bennett 2010; Robbins and Peddemors 2010) , but probably occurs in a number of reef sharks throughout the GBR. Postrelease mortality is considered to have a major impact upon shark populations in areas targeted by recreational line fishing (Lynch et al. 2010) . Information from longline fisheries suggests a variety of stress responses and susceptibilities among species (e.g. Marshall et al. 2013 ).
The Eastern Tuna and Billfish Fishery
Further offshore, the Eastern Tuna and Billfish Fishery (ETBF) harvests sharks as byproduct-especially I. oxyrinchus, Sphyrna spp., P. glauca and C. longimanus (Evans 2007) . While this fishery does not operate inside the GBRMP, it may affect the abundance of pelagic shark species within the GBRMP because of their extensive movement capabilities. The occasional record of some pelagic species in the QSCP catch confirms that these species use habitats within the GBRMP, although the frequency of movements into coastal areas is unknown.
The East Coast Trawl Fishery
Although the CRFF shark catch and some of the ETBF shark catch can be classified as bycatch, most information on the amount and survival rates of discarded sharks comes from trawl fisheries (Kyne 2008; Welch et al. 2008) , probably because this gear type generates the greatest amount of by-catch (Goni 1998) . In fact, it is estimated that half the global shark catch is bycatch (Stevens et al. 2000a ). The East Coast Trawl Fishery (ECTF) catches and discards a total of 37 chondrichthyan species (one holocephalan, 19 batoids and 17 sharks) from 18 families (Kyne 2008) . In the tiger/ Endeavour prawn sector, which operates in the GBRMP, shark bycatch rates were considered low (0.02-0.12 individuals ha -1 trawled overall, although rates varied widely between surveys), while they were considered medium in the scallop sector operating in the central GBRMP (0.31 individuals ha -1 trawled). The shark species caught by both sectors that operate within the GBRMP include E. dasypogon, C. punctatum, H. australiensis, C. brevipinna, C. dussumieri, L. macrorhinus, R. acutus and R. taylori (Courtney et al. 2007 ). Bycatch reduction devices and turtle excluder devices are compulsory on all ECTF vessels, but their effectiveness at reducing shark mortality is considered low; the in-net mortality of large sharks is typically 82-98 % (Huber 2003; Kyne 2008) .
In comparison, it is estimated that Australia's Northern Prawn Fishery, which has many similarities with the ECTF, catches 56 elasmobranch species from 16 families, although just four species account for 65 % of the by-catch: C. tilstoni, C. dussumieri, giant guitarfish Rhynchobatus djiddensis and black-spotted whipray Himantura toshi . A combination of fishery research surveys and observer data revealed that during normal fishing operations, 56 % of the bycatch died in the trawl net . This study also found that a large proportion of species were caught at small (prereproductive) sizes, and that sustainability of captured species was lowest for sawfishes (Pristidae) and highest for C. tilstoni and C. macloti.
Shark finning
Despite strict laws requiring the retention of trunks with shark fins, the practice of finning (removing fins from a live shark and dumping the carcass at sea) occurs illegally in Australia and has been identified as a key non-compliance issue in the ECIFF (DEEDI 2011e). The demand for shark fin is driven primarily by an expanding Chinese middle class, and fins can fetch up to $60 USD per kilogram (Herndon et al. 2010) . In Hong Kong, the main market for shark fins, commonly traded fins originate from P. glauca (17.3 %), C. falciformis (3.5 %), C. plumbeus (2.4 %), C. leucas (2.2 %) and G. cuvier (0.19 %) (Clarke et al. 2006) . It is not known what proportion of the shark fin trade is comprised of Australian or GBRMP sharks, but the GBRMP has been identified as a very important region for sharks considered valuable to the shark fin trade (Lucifora et al. 2011) . Increasingly, the same shark species that have been sought-after for their fins are also targeted for their meat (Baum and Blanchard 2010; Herndon et al. 2010 ).
Cumulative catch: affected species Twelve of the GBRMP's shark species are caught in at least three different fisheries (counting the QSCP as a fishery), a further 22 species are caught in at least two fisheries and 13 species are caught by at least one fishery (Table 1) . Among the species caught by two or more fisheries are the highly vulnerable C. obscurus, S. lewini, T. obesus and C. tilstoni (see below). Differences in catch-reporting metrics (e.g. weight in the CRFF and ECIFF, numbers in the ETBF, QSCP and ECTF) make comparisons of the severity of the interacting fishery pressure on each species impossible to calculate. Standardised reporting is vital for informing management of the overall levels of exploitation suffered by each species.
Vulnerability, catch rates and trophic roles
The vulnerability to exploitation index has been widely recognized as a suitable indicator of the vulnerability of fish populations to fishing (Reynolds et al. 2005) . The index incorporates data pertaining to age at first maturity, growth rate, natural mortality rate, maximum age, maximum length, geographic range, fecundity and spatial behavior strength (based on the propensity to aggregate, Table 2 ). For sharks, previous assessments of vulnerability and risk from the ECIFF were performed by Gribble et al. (2005) , Salini et al. (2007) , Tobin et al. (2010) and Harry et al. (2011b) , but estimates of input parameters varied slightly between assessments (Table 2) . Gribble et al. (2005) 's risk assessment found that nine of 20 species (45 %) occurred in the high risk quadrant: C. falciformis, C. brevipinna, T. obesus, creek whaler Carcharhinus fitzroyensis, G. cuvier, S. lewini, C. amboinensis, C. dussumieri and S. mokarran. Salini et al. (2007) 's risk assessment generated similar results, although an additional 10 species (C. leucas, C. limbatus, C. tilstoni, Glyphis sp. A, N. acutidens, C. amblyrhynchoides, C. cautus, C. melanopterus, R. typus and E. blochii) were categorized in the high risk quadrant. Tobin et al. (2010) assessed vulnerability on the basis of productivity (the biological ability of a species to sustain fishing or recover from overfishing) and susceptibility (the level at which a species is likely to be affected by fishing). At the two ends of their susceptibility scale were the green sawfish Pristis zijsron (most susceptible-although only two individuals were caught and this measure was set precautionarily) and C. cautus (least susceptible). A wide range of susceptibility levels, to some extent determined by fishing gear selectivity, were found among the five species that dominated catches. Very high risk was attributed to only two species: P. zijsron and C. tilstoni. High risk species were C. melanopterus and C. amboinensis, largely driven by their low productivity, and medium risk species were C. limbatus, C. fitroyensis, S. mokarran and C. sorrah. Harry et al. (2011b) analysed the life stages at which different species were most susceptible, based on observer data from the ECIFF, highlighting that 95 % of the catch is composed of the families Carcharhinidae, Hemigaleidae and Sphyrnidae. They found that all size classes of C. tilstoni and C. sorrah were caught in equivalent proportions, whilst larger sharks like C. amboinensis and C. brevipinna were predominantly caught as juveniles.
In addition to gear selectivity, natural mortality also confounds assessments of vulnerability for sharks, since this parameter is not known for most species. In fact, most estimates of natural mortality are based on very young juveniles, which have inherently higher mortality rates due to their reduced probability of escaping predation and lower level of experience in accessing prey (Knip et al. 2012b ). Survival of older adult individuals is important to population recovery because their greater experience gives them a lower intrinsic mortality rate, and they are therefore more likely to contribute offspring to future generations (Knip et al. 2012b ). Fishing mortality can account for a high proportion of the overall mortality rate; in Cleveland Bay, fishing accounted for 70 % of mortalities suffered by C. amboinensis and C. sorrah, with five times more of the former caught than the latter (Knip et al. 2012b ). Estimates of absolute and proportional mortality rates due to different factors need to be obtained for all species, especially those at risk from multiple sources of anthropogenic mortality.
Here we take a substantially different approach and use the intrinsic vulnerability index developed by Cheung et al. (2005) and available for each species on Fishbase (Froese and Pauly 2012), plotted against the proportional abundance of each species in the catch records of fisheries specific to three different GBRMP habitats: inshore and coastal habitats (ECIFF and QSCP catch), coral reefs (CRFF bycatch) and offshore pelagic habitats (ETBF catch and bycatch). This vulnerability index combines the intrinsic vulnerability of each species based on life history parameters, their most recently recorded exploitation levels, and a proxy for their position in food webs (and therefore an indicator of the strength of their ecological role). Bubble sizes for each species are reflective of their mean Marine Trophic Index (also available in Froese and Pauly 2012).
Carcharhinus leucas had the highest catch-vulnerability score in the QSCP (Fig. 7a ). Other sharks with high proportional catch rates, but intermediate vulnerability, were C. melanopterus and G. cuvier.
Carcharhinus obscurus, C. carcharias and C. plumbeus, which rated as the most vulnerable species, occurred in a lower proportion in the catch records. Smaller inshore and shelf species generally ranked lower on the vulnerability and catch proportion scale, but some ranked relatively high on the trophic scale despite their small size. The highest trophic scores tended towards the low end of the catch axis but occurred along the entire vulnerability axis (Fig. 7a) .
Unlike the QSCP, the highest combined score in the ECIFF was attributed to S. lewini (Fig. 7b) . Carcharhinus tilstoni had the highest catch score and relatively high vulnerability, and the highest vulnerability scores were obtained by C. leucas and C. obscurus, which are caught in moderate proportions. Smaller species generally ranked lower along both axes, but R. taylori had a relatively high trophic level. Trophic levels were evenly distributed across the axes, but none of the lowest trophic categories appear in the highest catch proportions or the highest vulnerability (Fig. 7b) . These results (including assignment of 'very high risk' to S. lewini) are compatible with Gribble et al. (2005) , Salini et al. (2007) and Tobin et al. (2010) .
Among the sharks caught in the CRFF, T. obesus and C. albimarginatus ranked as the most vulnerable (Fig. 7c) . These two species are caught in intermediate proportions. Carcharhinus amblyrhynchos and C. melanopterus, both caught in the highest proportions, are lower on the vulnerability scale than the other two species. No catch data were available for the other species of reef sharks. Carcharhinus amblyrhynchos, whilst not the largest species, appears highest on the trophic level scale (Fig. 7c) .
As a group, pelagic sharks scored higher on the vulnerability scale than the inshore and reef sharks; most species caught in the ETBF are large and have high trophic levels (Fig. 7d) . Interestingly, there was a relatively high proportion of G. cuvier in the catch, although this species is generally thought to be associated with continental shelves and coastal habitats. Prionace glauca and I. oxyrhinchus had the lowest vulnerability score, but the highest proportional catch rate. This may be because their life history makes them more abundant, and therefore more prominent in catch records, or because the more vulnerable sharks have already suffered population declines. Catchability may also play a role; a study in the western Pacific found that the species composition of the catch varied according to the depth at which longline hooks were set (Bromhead et al. 2012) . Table 2 Life history and other parameters used to calculate measures of vulnerability, productivity or recovery potential in sharks by Cheung et al. (2005) , Gribble et al. (2005) , Salini et al. (2007) Reproductive periodicity 4 4
Spatial behaviour strength (SB) 4
Depth range 4
Resulting index Vulnerability Productivity Recovery potential Productivity a Ranked each parameter and calculated the index from the averaged ranks
Despite relatively low catch rates in most fisheries, C. obscurus scored highest on the vulnerability scale in coastal/shelf and pelagic habitats. This is an important species in the temperate Western Australian shark fishery (Simpfendorfer et al. 2002) , but its biology and habitat use in the GBRMP are poorly known.
Discussion
What do we know about sharks in the GBRMP?
Knowledge about sharks in the GBRMP has been driven by the need to inform fisheries management; almost all the more comprehensive data on sharks in Australian waters comes from fisheries catches. Fisheries-independent shark research is restricted to a relatively small number of species and a few localised geographic areas. Such research has been dominated by observational and biological studies on a few species (reef-associated, and therefore relatively sedentary, or species of fisheries value); these are likely to be the most abundant in the most accessible habitats, but not necessarily the most important in food webs. Large, wide-ranging species are difficult to study, but studies conducted elsewhere suggest they may have key roles in structuring ecosystems. There is some preliminary knowledge on latitudinal and cross-shelf Rev Fish Biol Fisheries (2014) 24:169-197 189 patterns in shark abundance and species composition (Last and Stevens 2009; DEEDI 2011a) . Whilst knowledge gaps exist in all habitats and for all species, least known are the biology and ecology of deepwater sharks, the abundance of purely pelagic species within the GBRMP, the trophic roles of most species, especially larger ones, and the stock structure and population dynamics of all exploited species. Recent and ongoing research from the GBRMP is beginning to provide clearer insights into the vulnerability of a number of species and some localised patterns of habitat use, but does not yet allow a clear view of the overall predatory role of sharks in this region. Firstly, widespread shark removal had already occurred before their influence as predators could be measured; it may be that the system has already stabilised in an alternate state. Secondly, the plasticity of feeding behaviour and prey selected by most species of GBR sharks (Wetherbee and Cortes 2004) complicates the detection of flow-on effects. Thirdly, ontogenetic changes in habitat use and ecological roles complicate the understanding of functional roles; small sharks can act as both predators and prey, especially in multispecies assemblages and in nursery grounds (Yates et al. 2012) . The magnitude of the spatial scale, the diversity of the habitats and the complexity of predatorprey interactions have, so far, made it impossible to predict the importance of sharks and the possible consequences of their demise. Whole-of-ecosystem comparisons of areas where shark populations have been protected (e.g. no-take or no-entry zones) with areas where they have been subjected to human extraction have yet to be completed. The GBRMP offers the possibility to undertake such comparisons in all three of the main habitats considered in this review, as the existing management plan was designed to protect *20 % of each bioregion represented within the GBRMP (Fernandes et al. 2005) . Fisheries catches offer the opportunity for stomach contents analyses on captured individuals to determine diet. Only rigorous communitylevel time series and detailed, species-specific studies of diet and behaviour can give insight into sharks' ecological roles (Speed et al. 2012) . To date, the ecological role of the GBRMP's sharks must be inferred from studies conducted elsewhere.
Ecological roles and evidence for top-down control
The disruption of biological processes through overfishing has been well-documented in a number of areas.
Rapid increases in numbers of mesopredators in areas where large sharks are targets of fisheries have been used as a key indicator of the top-down effects of removing large sharks (Graham et al. 2001; Ferretti et al. 2005; Ward and Myers 2005; Levin et al. 2006; Polovina et al. 2009; Ferretti et al. 2010) . In a study reviewing the empirical evidence for trophic cascades as a result of apex predator removal, Baum and Worm (2009) considered 29 papers on top-down control by higher-order predators, of which only three papers considered sharks as the primary high-order predators (other papers focused on teleosts and mammals). The three papers attributing top down control to large sharks included a study in the northwest Atlantic where the fishing of large sharks led to mesopredator release in the form of a 10-fold increase in smaller elasmobranchs (Myers et al. 2007 ), a study in the same broad region in which mesopredator release of cownose rays resulted in the collapse of a scallop fishery (Myers et al. 2007) , and a study showing that overfishing of large sharks in the Gulf of Mexico (Baum and Myers 2004) resulted in mesopredator release of deepwater sharks (Shepherd and Myers 2005) .
Since Baum and Worm (2009) 's review, only a few further studies have demonstrated or implied topdown effects of sharks. Studies by Heithaus et al. (2008; in Western Australia have demonstrated changes in habitat use and feeding behaviours of largebodied animals such as turtles, dolphins and dugongs in response to changes in tiger shark numbers; these behavioural changes have cascading effects down to benthic communities such as seagrass beds. Modelling studies demonstrated trophic cascades and reduced resilience in modelled systems from which sharks had been removed, due to the concomitant decline in omnivory (Bascompte et al. (2005) . Stevens et al. (2000a) predicted that removing tiger sharks from coastal environments would release the populations of mesopredatory seabirds, mammals and elasmobranchs, in turn causing a decline in tunas. In other models, such as for coral reefs and pelagic systems, the removal of sharks had little effect (Stevens et al. 2000a ). The only direct indication of shifts in food webs within the GBRMP comes from Ferretti et al. (2010) 's analysis of QSCP catches over five decades. They estimated an 85 % decline in catches over this period, and a brief period of 'predator release' response of small sharks between 1986 and 2001. As large species such as C. leucas and G. cuvier declined, smaller carcharhinids increased from approximately 20 individuals per year to around 120, before declining again to the original catch rate by the early 2000s (Ferretti et al. 2010) . However, evidence of top-down effects of removing sharks in the GBRMP remain problematic, especially because fisheries remove not just the apex predators, but also smaller mesopredators, effectively confounding the role of large sharks.
Shark protection and management
The standard protocol in fisheries has been reactive management, where catch quotas, size restrictions and other actions designed to protect a stock from overexploitation are enacted only after the stock is discovered to be overexploited or at risk of overexploitation (Pauly 2009 ). More recently, the view that fisheries management must consider more than the stock of the target species, and must consider complicated interactions between biological, environmental, social and economic issues, has been increasingly voiced (Gerrodette et al. 2002) . It has been argued by some that the burden of proof should rest with the fisheries, whereby those hoping to exploit a resource must demonstrate a priori that fishing does not cause any ecologically significant long-term changes to populations and ecosystems (Dayton 1998). In the case of a multi-species fishery operating within a World Heritage Area, such as the ECIFF, in which life history and ecological parameters of most target species are unknown or uncertain, we argue that reversal of the burden of proof is warranted.
There is some evidence that both fisheries management and marine protected areas can contribute to the preservation and/or recovery of shark populations. Ward-Paige et al. (2012) recently reviewed research in which shark population increases had been detected, and found evidence of 40 increasing populations, of which 25 % could be attributed directly to a reduction in human exploitation. The remaining 75 % of increases were attributed to predation release. Of the species considered in this review, the only ones reported to have benefited from a decrease in fishing pressure were G. cuvier in the northwest Atlantic, S. lewini in the northwest Atlantic and the Gulf of Mexico, and C. carcharias in Australia (Ward-Paige et al. 2012 ). Closer to the GBRMP, a reduction in fishing pressure in northern Australia resulted in population recovery of C.
sorrah . Such patterns have yet to be documented in the GBRMP, as the management responses to increasing catches in the 1990s and 2000s are very recent (DEEDI 2011e).
In recent years, large portions of the Exclusive Economic Zone of several nations have been turned into shark sanctuaries, including Palau, the Maldives, Honduras, the Regent of Raja Ampat, Indonesia, the Bahamas and the Republic of the Marshall Islands (Ward-Paige et al. 2012) . No-take areas have proven to be beneficial for populations of reef sharks, which are highly site-attached (Robbins et al. 2006; Ayling and Choat 2008; Heupel et al. 2009; Hisano et al. 2011; Knip et al. 2012a) , and for juvenile C. leucas in mangrove estuaries (Ley et al. 2002) . However, notake areas still suffer from compliance issues, and fewer sharks are correlated with higher human use (Ayling and Choat 2008; Hisano et al. 2011) . The effectiveness of no-take areas for protecting sharks is dependent on each species' home-range and activity patterns, with larger reserves affording greater levels of protection for highly mobile species. Although most of the world's no-take areas are small (\5 km 2 ; Wood et al. 2008) , they still confer measurable conservation benefits to highly mobile and migratory species (Baum et al. 2003; Worm et al. 2003; Claudet et al. 2010; Jensen et al. 2010; Knip et al. 2012a ). This is especially true for species that exhibit some degree of reproductive philopatry; the recurring use of specific areas for breeding by individuals has major implications for management strategies that aim to maintain genetic structure within meta-populations, especially for endangered species (Tillett et al. 2012a; Howey-Jordan et al. 2013) .
The intrinsic rebound potential of shark populations varies between species, but is based primarily on life history characteristics and can therefore be calculated (Smith et al. 1998 ). The highest recovery potential is attributed to small species such as C. sorrah, C. macloti, R. acutus and R. taylori. G. cuvier, C. limbatus, P. glauca and T. obesus also have a high rebound potential due to their relatively fast growth and early maturation. Some species also have high reproductive output; G. cuvier, for instance, can produce up to 30-50 offspring. The lowest recovery potential is expected for medium to large, slow growing, late-maturing coastal sharks such as C. leucas, C. amboinensis, C. obscurus, C. plumbeus and N. acutidens (Smith et al. 1998) .
Despite a recent increase in research, relatively few studies have considered the distribution, role and status of sharks on the GBR and in adjacent waters; even the most basic population parameters are yet to be determined for many species. Consequently, the vulnerability of lesser known species to over-exploitation may be underestimated. Quantification of relevant population parameters for each exploited shark species (either as a target or as bycatch) is an obvious priority for future research. These data are crucial as inputs for population assessments, ecosystem models, and management evaluations. For example, knowledge of shark movement patterns is critically important for assessing the effectiveness and connectivity of no-take reserves. Another priority is to improve the current system of catch reporting. The principal unanswered question concerning the role and importance of sharks on the GBR is: ''How does removal or depletion of sharks affect the function and overall health of the GBR?'' The zoning system of the GBRMP provides a useful platform on which to answer this question because it generates strong gradients in fishing pressure and, as a result, strong gradients in shark density (Ayling and Choat 2008) . Studies of no-entry zones embedded within large notake zones will be critical for observing and quantifying interactions between predatory sharks and their prey, because these zones encompass the least disturbed areas of the GBR. Potentially rewarding avenues of research include theoretical modelling, exclusion experiments, analyses of diet and stable isotopes, and correlative analyses of predator-prey relative abundance.
Conclusions
Progress is being made in understanding the distribution, mobility, genetics and population structure of exploited sharks in the GBRMP. However, we argue that in poorly understood multi-species fisheries, the burden of proof needs to be reversed. The current situation is ''business as usual'' until a problem can be found (e.g. declining abundance). However, given the global declines of most shark species, extractive activities should not proceed until it is proven that exploited populations and/or associated ecosystem components are not harmed, or are minimally harmed relative to the social and economic benefits derived from them. Sharks are worthy of stricter management because (1) mounting evidence suggests that some sharks are keystone species that regulate community structure and contribute to ecosystem resilience, and (2) their intrinsic characteristics (e.g. K selection) predispose them to over-exploitation. A key challenge for the future is to convince the public and policy makers that the need for shark conservation is both beneficial and urgent. DEEDI (2011a) 
